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® Phase-loGlGad circuit capable of iMlng qulddy put in a phaae locked atate. 

® In a pKase-locked circuit which is operable in response to an input complex signal to produce an output 
complex signaJ, a first complex multiplication (16) is canled out between the input and the output complex 
signals to obtain a phase difference theretMtween which appears as a complex phase difference. The complex 
phase difference is composed of a real part and an imaginary pari which are Individually allowed to pass through 
a low pass filter (17) and to be supplied to a numerically controlled oscillator as a control signal. The control 
signal Includes a frequency component even when ttie phase-locked circuit is put into an asynchronous state. 
The low pass filter may be replaced by a digital circuit comprising phase dividers. 





FIG. I 



Rank Xbrm (UK) Budnass SafVlcas 

l3.10/a.BB/3J).1) 



EF0535 691 A2 



This invention relates to a phaae-ioclced dfcult for use in responding to a sequence of input sample 
signals to produce a sequence of output eample signals phase-locked wittt the input sample signals. 

A conventional phase-lociced circuit of the type descrit)ed has been usually implemented by a phase- 
lodced loop (PLL) circuit which comprises a phase comparator (namely, a mixer)» a low pass fitter (LPF). 

s and a voltage controlled oscillator (VCO). With this structure, the mixer is supplied with a sequence of input 
sample signals carried by an input carrier frequency togettter with a local carrier signal generated by the 
voltage controlled osdllator. Tiie local carrier signal has a local carrier frequency. The mixer produces a 
phase difference signal representath^ of a phase difference between the Input carrier frequency and the 
local carrier frequency. The phase difference signal is fiHered by the low pass fitter into a filtered difference 

10 ^al and is thereafter sent to the voltage controlled osdllator. As a result a phase of the local carrier 
signal is controlled so as to t)e phase-tocfcsd with a phase of the input carrier signal in accordance with the 
phase drfferance in the voltage controlled osdllator. 

Herein, it often happens that the filtered difference signal includes a frequency component such that the 
frequency component falls outside of a pulHn range of the phase-locked loop drcuit. In this event the 

IS phase-tocked k)op drcuit Is put into an Inactive state. In ether words, a phase lock operation can not be 
accomplished in the conventional phase-k)Cked k)op drcuit as long as the filtered difference signal does not 
fall within the puINn range. This means that the phase-locked loop drcuit can be put in an asynchronous 
state while the k)cal canier frequency in rtot dose to the input carrier frequency. 1\\\9 makes a quick phase 
lock operalton diffkniit and brings about retardation of the phase kx:k operation. 

20 Recently, consideratkm is nrtade about a digital phase-k)cked circuit which canies out a phase kxk 
operation by digitally processing input complex sample signals each of which is divisible into a real 
component and an Imaginary component orthogonal to the real component. In this event, only one of the 
real and the in^inary components Is derived from the input complex sample signal and is successively 
sent from a mixer to an integrator through an adder. The integrator is formed by a delay unit which delays 

26 each imaginary component by a single sample period to produce a delayed component which is fed back 
to the adder to be added to the following component on one hand and which is also fed back to the mixer 
to be mixed with the following imaginary component. With this structure, it is possible to carry out a phase 
lock operation like In the oonventtonal phase-k>cked k)op drcuit which comprises the voltage controlled 
osdllator. as mentkxied above. 

so However, a tong time fs also required in the digital pha$e*k>cked drcuit until a phase-k)cked state Is 
accomplished. 

It is an obiect of this invention to provide a phase-locked circuit which is capable of being quickly put 
into a phase-kx^ked state. 

It is ano^er object of this invention to provide a phase-locked circuit of the type descrik>ed. whk:h is 

S5 capable of being widely used. 

A phase-locked circuit to whteh this invention is applicable Is for use in responding to a sequence of 
input complex sample signals to produce a sequence of output complex nmpie signals phase-tocked with 
the input complex sample signals. Each of the input and the output complex sample signal sequences is 
produced at every sample period and is carried t>y a complex canier wave divisible Into a real component 

40 and an imaginary component orthogonal to ttie real component. According to this invention, the phase- 
kx:ked circuit comprises a first complex multiplication drcuit which has a pair of first input terminals, a pair 
of second input terminals, and a pair of output tenminals and which are supplied with the input complex 
sample signals and a sequence of local complex sample signals through the first and the second input 
temninal pairs, respectively, for carrying out a first complex multlplicatk)n between the input and the kx:al 

45 complex sample signals to produce, through the output terminal pair, first complex multiplication result 
signals represemative of results of the first complex multfplicatton, extractton means supplied with the first 
complex multipiicatton result signals for extracting phase differenoes between the input and the k>cal 
complex sample signals from the first complex multlpiicatkMn result signals to produce complex difference 
signals representative of complex phase differences t>etween the input and the local complex sample 

so signals, a delay drcuit supplied with the local complex sample signals for delaying the output complex 
sample signals by a single sample period to produce delayed complex sample signals, a second complex 
multiplication drcuit supplied with the complex difference signals and the delayed complex sample signals 
for carrying out a second complex multiplk^ation between the complex difference signals and the delayed 
complex sample signals to produce second complex multiplication result signals representative of results of 

as the second complex multiplication, an output Rmiter supplied with the second complex multiplication result 
dgnals for linUtbig amplitodee of the second complex multiplication result sign^ to produce amptHude 
limited signals each of which has an invariable amplitude, means fPr produdng the amplitude limited signals 
as the output complex sample signals, and means for supplying the output complex sample signals to the 
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delay circuit and the first complex multiplication circuit as ttie local complex sample signals. 

Brief Description of the Dfawlng: 

5 Rg. 1 is a block diagram of a phase-loclced circuit according to a first embodiment of this invention: 

Rg. 2 is a block diagram of a complex muttipilcation circuit which is usable in the phase-locked circuit 
illustrated in Rg. 1; 

Rg. 3 shows an equivalent circuit of a low pass filter used In the phase-looked circuit illustrated in Rg. 1; 
Rg. 4 shows an equivalent drcuit of ihe phase-locked circuit illustrated in Rg. 1; 
ro Rg. 5 is a biock diagram of a phase-locked drcuit according to a second embodiment of this invention; 
Rg. 6 is a block diagram of a phase divhter which is usable in the phase-locked circuit ilhistrated in Rg. 
5; 

Rg. 7 shows an equivalent drcuit of the phase dlvkfer illustrated in Rg. 6; 
Rg. 8 shows an equivalent drcuit of the phase-k)cked circuit illustrated in Rg. 6; and 
fs Rg. 9 is a bk>ck diagram of a coherent detector which comprises the phase^ocked circuit illustrated In 

Rg. 6. 

Description of the Preferred EmtxxStments: 

20 Referring to Rg. 1. a phase-locked circuit according to a first embodiment of this invention is given an 
input signal lc(l) which is varied with time. The input signal ic^) is divkJed into an input real component lr(t) 
and an input imaginary component it(t) orthogonal to the input real component lr(t) and Includes input 
complex sample signals sampled at every sample period T and carried by an input carrier frequency wave 
which may be referred to as a complex canier wave having an angular frequency . In the illustrated 

25 example, the input real and the input imaginary components )r(t) and \t{X) are separated from each other by 
the use of a known circuit (not shown) connected prior to the illustrated phase-tocked drcuit and are earned 
by a sine wave and a cosine wave of the input carrier frequency wave. At any rate, the input real 
component lr(t) and the input imaginary component ll(t) are separately and individually supplied to an input 
limHer 11. 

30 The input limiter 11 serves to limit each amplitude component of the input real component lr(t) and the 
input imaginary component li(t) and to produce real and imaginary amplitude-limited sigrials which may be 
coliectiveiy called an input complex sample signal carried by the complex carrier wave. Herein, the input 
signal Ic is generally represented by: 

lc(t} - iTlZ) + jli(t) 

40 Where tr(t)2 -i- HHXf = r(%f and 0 » tan~ii(tyir(t) and where in turn r(t) Is representative of the amplitude 
component. 

An operatkm of the input limiter 1 1 is collectively given by: 
to(t)4te(t)| = r'eW/ir = el^>. (1) 

45 

As is apparent from Equation (1), It may be said that the input limiter 11 is operable to remove the 
amplitude component r from the input signal lc(t) and produces a limiter output signal represented by 
el*^^Thus. the limiter output signal el*^^ is represented by an exponential function and may be referred to as 
an input complex sample signal of the pttase-locked drcuit. In this connection, thte input complex sample 

50 signal may be rewritten into e^*^^ which are divisible into real and imaginary components of the input 
complex sample signal ef'^^K respecth^ely. The real and the Imaginary components are separately sent to a 
first complex multipUcatkNi drcuit 16 which may be called a first complex mixer. 

As shown in Rg. 1, the first complex multipiication drcuit 16 has a pair of first input terminals, a pair of 
second input terminals, and a pair of output tenmlnals. The first Input terminals are supplied with tfie real 

55 and the imaginary components of the Input complex sample signals while the second input temninals are 
supplied with real and imaginary components of k)cal complex sample signals as will be described later in 
detail. The k>cal complex sample signals are also represeritad by an exponential function and specified by 

Olioct) 
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The first complex muftipfication circuit 16 carries out a first complex multiplication between the input 
and the local complex sample signals to produce first complex multiplication result signals representa- 
tive of results of the first complex multiplication. The finst complex muHipQcation Is represented by: 

5 e^i)«eiMt) - ^fKi)«M(i» 

From this fact, it is readily understood that the first complex multiplication between the Input and the 
local complex sample signals is specified by a sum of phase ccmpor>ents of the input an6 the local 
complex sample signals e*^' and el*^' and is produced through the output terminals as the first complex 
10 multiplication result signals el'^*^ 

Referring to Fig. 2 together with Rg. 1. a complex multiplication circuit which may be exemplified by 
the first complex multiplication circuit 16 generally multiplies a first complex sample signals, such as 
by a second complex sample signal, such as e**^, to calculate a complex multiplication result, such as 
e^**. If the first and the second complex sample signals are generally represented by <«1 and «>2. their 
15 complex representations are given by: 

«1 = u1 + jvl = •^'^o and 
«2 * u2 ♦ Jv2 = €^*^\ 

20 where u1 and u2 represent real components of ^1 and «2, respectively, and vl and v2, imaginary 
components thcweof. 

Under the circumstances, the complex multiplication result is given by: 
«r«1 = {ufu2- v1*v2) + j(ury2 + u2*v1). (2) 

From Equation (2), it is readily understood that ttie complex multiplication circuit can be realized by first 

26 through fourth multipliers 161 to 164 and first and second adders 166 and 167, as Illustrated In Fig. 2. In 
Rg. 2, the first adder 166 is operable as a substracter to calculate the first term of the righthand side of 
Equation (2) while the second adder 167 calculates the second term of the righthand side of Equation (2). 

Relenlng back to Rg. 1, each of the first complex muKtpllcalion result signals e*^ is supplied to a low 
pass filter (LPF) 17 which may be cafled a loop fitter like in the convantkmal phase-tocked kxjp (PLL) circuft. 

30 Herein, the k>w pass filter 17 filters the first complex multiplication signals e***^. As a result, real and 
imaginary parts of the first complex multiplication signals are individually or separately filtered by the tow 
pass filter 17. In this connection, the illustrated law pass filter 17 Is formed by a pair of local low pass filters 
each of which has ttie same transfer function H(z) when tiie transfer functkin Is represented by a z- 
transform. Specifically, the transfer function H(2) is given by: 

as 

H{z)»(l-ay(1-a2-'), (3) 

where a is a constant and z is equal to e*"^ and where T is representative of the sample period. 

Temporarily referring to Rg. 3, the kyw pass filter 17 can be formed by a pair of circuits each of which 

40 has tt)e transfer function shown by Equation (3) and which may be referred to as a real part circuit and an 
imaginary part circuit for filtering real and imaginary parts of the first complex multiplication result signals 
^MD^ respectively. As illustrated In Fig. 3. the real part circuit Is structured by a combination of an adder 
171. a delay unit 172 depicted at z~*, a multiplier 173, and an additional multiplier 174. Likewise, the 
imaginary part circuit Is structured by a combination of an adder 171\ a delay unit 172*. a multiplier 173*. 

46 and an additional multiplier 174'. In order to accomplish the abovennentioned transfer function H(z), ttte 
constant a is given to each of the multipBers 173 and 173' wttfle anottier constant (i - a) is given to each of 
ttw additional multipliers 174 and 174*. 

Herein, It Is to be noted ttiat a frequency characteristic of ttie k>w pass filter 17 is given as a function of 
let from Equation (3) by: 

50 

H(j«) = <l-a)/(1-ae+'^. (4) 

where « Is representative of an angular firequency of a natural frequency. 

In Equation (4), when the sample period T Is assumed to be suffidantiy short. Equation (4) is rewritten 

55 into: 
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- 1/(1 + jttKmT/(l - a))* 



(5) 



When r is substituted for (aT/(1 - a)) In Equation (6). Equation (5) results in: 



H(Jftl) - 1/(1 + Jfl)t) 



. (1/^1 + 



(5) 



Under tKe circumstances, let the low pass filter 28 be supplied with the first complex multiplication 
result signals e^**^^ which may be rewritten into eH^*^*^ where t§Jt is representative of an angular frequency 
and de. an &)itial phase, in tNs event the low pass fitter 28 produces a filter output signal Ve'(t) represented 
by: 



As apparent from Equation (7). the fitter output signal Ve*(t) has only a phase delay determined by 
tan~'^<»»r. If r is assumed to be constant the phase delay is also invariable. 

Turning back to Rg. 1. the filter output signal Ve'(t) is delivered to a second complex multiplication 
circuit 18 which is operable in a manner similar to the first complex multiplication circuit 16. In this 
connection, the second complex multiplication circuit 18 has a pair of first input terminals, a pair of second 
Input terminals, and a pair of output terminals. Tim filter output signal Ve'(t) is given through the first input 
terminals to the second complex multiplication circuit 18 while delayed complex sample signals V(j(t) are 
sent to the second complex multiplication circuit 18 through the second Input terminals, as will later be 
described. At any rate, the second oomplex multiplication circuit 18 carries out a second complex 
multiplication between the filter output signal Ve*(t) and the delayed complex sample signals and supplies 
an output imiter 19 through the output terminals with second complex multiplication result signals 
representative of results of the second complex muttiplication. 

The output limlter 19 limits each amplitude of the second complex multiplication result signals like the 
input limiter 11 to produce, as ttie output complex sample signals e''^^ ampPrtude limited result signals 
having an invariable amplitude. The output complex sample signals el*^^^ are sent to an external device (not 
shown) on one hand and fed back to both a delay unit 21 and the first complex muttiplication circuit 16 on 
the other hand. In this event tiie output complex sample signals e^*^ are given to the first complex 
multiplication circuit 16 as the local complex sample signals as mentioned t>efbre and are delayed by the 
delay unit 21 for one sample period T to be fM back to the second complex muitiplfoation circuit 18 as the 
delayed complex sample signals Vd(t). 

Herein, a combination of the second complex multiplication circuit 18, the output limiter 19. and the 
delay unit 21 may t>e collectively called a complex numerically controlled oscillator. 

Specifically, ttie output complex sample signals e^**^*^ may be replaced by Vo(t). in this case, the 
delayed complex sample signals Vd(t) are represented by: 

Vdff) = Vo{t-T) = ei'°«-^. 

Inasmuch as the filter output signal Ve'(i) is given by Equation (7), calculation of the second complex 
multipDcation circuit 18 and the output Dmiter 19 Is given by: 




^jec(t)^ 



X 6 



(7) 
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• ejeo(t) 

- vm'lt) v^(t) 



(8) 



ft is to be noted in Equation (8) that the amplitude component A is rendered into unity by the output 
limiter 19 and that an output phase do(t) is represented by: 

$0{X) = $c(\) * ec{\ - T). (9) 

In Equation (9). let the time to be varied from 0 to nT. In this event the output phase $o{i) Is given by: 



Accordingly, it is possible to represent the output phase of the output complex sample signals Vo(t) by 
summation or integration of that phase of the filter output signal W(t) which is refenred to as a control 
phase. 

Herein, let a transfer function be calculated in connection with the complex numerically controlled 
oscillator. For this purpose. Equation (fi) is subjected to a z-^ransfbnn and is rewritten into: 

90(2) = tfc{2) + 2"» • eo(z). (11) 

From Equation (1 1), the transfer function is given by: 

60(2)/9C(2) » 1/(1 - 2-*). (12) 

Refening to Rg. 4. the above-mentioned phase-locked circuit illustrated In Rg. 1 may be specified by 
an equivalent circuit of Rg. 4. The illustrated circuit has a transfer function represented by the use of a z- 
transfom) for brevity of description. In Fig. 4, it is readily understood that the phase-locked circuit can be 
represented by a combination of a multiplier, a subtracter, a circuit element having the transfer function of 
(tan'^^r)/(l - 2*^), and the complex numerically controlled oscillator having the transfer function shown by 
Equation (12). 

According to Rg. 4, the output complex sample signals e^^' can be represented by the use of the z- 
transfdrm by: 

90(2) = (fil(zy{2- 2-0) 
- (tan-^c#,r)/2 - 2-1K1 - ar')) 

where 

01(2) - («iT/(1 - z^O) ♦ ♦Wl - 2-'). (13) 

Let a phase 9o(m) of an m-th one of the output complex sample signals be calculated by the use of 
Equation (10). In this case. Equation (10) la rewritten into: 

90(2) a r90(m)2^. (14) 

From Equation (14), 9o(m) is represented by: 

$o{m) » «rrm ♦ 41 - tan""'«tor 

+ (tirtlK^i - tan-W/ZXI'Z"). (15) 

in Equation (15), the last term is quickly rendered into 2ero because (1/2^) qutcMy approaches 2ero 



n 



eo(nT) c y oc(iT). 

i»0 



(10) 
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with time. Therefore. Equation (IS) can be rewritten into: 
flo(m) «rrm ^i • tan^W. 06) 

e Inasmuch as the third term on the righthand side of Equation (16) is quickly converged into zero, the 

output phase k)ecome8 equal to the input phase at once. Thus, phase synchronization is quiddy established 

by the phase-lodced circuit illustrated in Fig. 1. 

Referring to Rg. 5, a phase-locked circuit according to a second embodiment of this Invention is similar 

to that iitustrated in Ftg. 1 except that an intennediate circuit 31 is interposed between the first and the 
10 second complex multiplication circuits 16 and 18, instead of tt)e low pass filter 17 iliustrated in Fig. 1. Each 

element iitustrated In Rg. 4 carries out a complex calculation like in Rg. 1, although each element of Rg. 5 

is connected through a single line to one another. 

Herein, it is to be noted that a oombinatton of the second complex multiplication circuit 18, the output 

limiter 19. and the delay unit 21 are called a numerically controlted oscillator. Oke in Rg. 1. The input limiter 
IS 11 and the first complex multiplier 16 and the numerically controlled oscillator are operable in a manner 

similar to that illustrated in Rgs. 1 through 3 and will not therefore be descnl)ed any tonger. 

In Rg. 5. the intermediate circuit 31 is operable In response to the first multiplication result signals 

(depicted at e^*>) to produce an intenmediate output signal which may be depicted at e^*>. although the 

intermediate output signal is called the filler output signal (as shown by Equation (7)) in connection with Rg. 
20 1. 

The intermediate circuit 31 comprises a first phase divkler 31 1» a first local complex multiplication 
circuit 312, a second k)cal complex multiplication circuit 313. a local delay unit 314. a local limiter 315. and 
a second phase divider 316. As shown in Rg. 5. a combination of the second local complex multiplication 
circuit 313. the k>cal limiter 315. and the local delay unit 314 is similar to the combinatton of the second 

26 complex multiplication circuit 18. the output limiter 19. and the delay unit 31 and therefore has a transfer 
function identk:al with ttie latter. At any rate, the combination of the elements 313. 314, and 315 may be 
called a local numerically controlled oscillator which has a transfer function of (1/(1 • z)) and which 
generates a numerically controlted signal defined by the transfer function. In addition, the first and the 
second k)cal complex multiplication circuits 312 and 313 are similar in structure and operation to the first 

so and the second complex multlpiication circuits 16 and 18. As a result, description of the intermediate circuit 
31 may be restricted to each of the first and the second phase dividers 31 1 and 316. 

Therefore, description will be made about a phase divider whk:h has a division factor of N where N is a 
natural numt>er. 

Referring to Rg. 6, a phase <ivider divides a divkier input phase into a divider output phase of one N-th 
35 (namely. 1/N) and may be used as each of the first and the second phase divicters 311 and 316. It is 
assumed that the divkier input phase of an n-th sample is represented by 0l(n) when each sample is 
sampled at every sample period T while the divider output phase of an m-th sample is represented by so- 
(m). Specifically, the dMder input phase ai(n) is given by: 

40 0l(n) a «(nT) + a. (17) 

The z-transftomn of Equation (17) Is rendered Into: 

ei(z) = ((«T)/(1 - z-^J^ + e/(1/i"'). (18) 

45 

In Rg. 6, the phase divider is struchjred by a first divider complex multiplier 41. a second divider 
complex multiplier 42. a divider limiter 43. a divider delay unit 44. and an N multiplk:ation circuit 45. A 
combination of the second divkJer complex multiplier 42, the divider limiter 43. and the divkier delay unit 44 
is similar in structure to ttie numerically controlled osdllator illustrated in Rg. 1 and therefore has a transfer 

60 function shown by Equation (12). In addition, the divider output phase So(t) is fed back to tiie first divider 
complex multiplier 41 through the N multiplicafion circuit 45. 

The phase divider illustrated in Rg. 6 can be represented by an equh^alent circuit as shown in Rg. 7. In 
Rg. 7, ttie divkier input phase and the dhMer output phase are subjected to the z-transfomn and may 
therefore be depk:ted at ol(2) and oo(z). respectively. As Is apparent from Rg. 7. a transfer function T(z) of 

55 the phase divider in given by: 
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to 



75 



26 



45 



T(») - 6o(z)/ei(z) » 1/(M + 1 - 8^^) 

• I/en ♦ - ♦ !))• (19) 

Under the circumstances, the divider output phase is represented by the use of the z-transform by: 

6o(z) =» Z ^^^^^ ^^^^ 

m 

The divider output phase eo(m) of the m-th sample is rendered into: 

eo(m) - ^T(z) $Hz)z^ 

2JCj 




(N+l)" 



(21) 

30 From Equation (21). it is readily understood that the divider input phase 0i(n) is phase-divided into the 
divider output phase of 1/N because the second tsnn {<»VlP) is quicldy converged into Zero, when the 
phase divider iiiustrated in Fig. 6 is used. Therefore, the first end the second phase dividers 311 and 316 
may be symbolized by 1/N and 1/M when the first and the second phase dividers 311 and 316 have 
division factors N and M. respectively. 

35 More specifically, such a phase divider can be practically implemented by N- and ^A-th power circuits 
which calculate N* and M-th powers of a complex divider input signal, respectively, in a known manner. 

Taking the above into consideration, it is to be noted that the phase-locked circuit illustrated in Rg. 5 is 
represented by an equivalent circuit illustrated In Fig. 8. In Fig. 8» the intemnediate circuit 31 of Fig. 5 Is 
specified by the first phase divider 311 having the diviston factor of 1/N. a local numerically controlled 

40 oscillator (313, 314. and 315) having the transfer function of 1/(1 - z*^). the second phase divider 318 having 
the division factor of 1/M. and the second divider complex multiplier 312. In this event, the intermediate 
circuit has a transf^ functfon F(z) given by: 



F(z) = ((1/M)/(1 - r-')) ♦ 1/N. 

In Fig. 8, a transfer functton Qo(z) of an open kx)p is at first calculated and is given by: 

Go(2) = F(z)(1/(1 - z-')). (22) 

60 Next, a transfer function H(z) of a ctosed k>op is given by $o(z)fd\{z) where $\(z) is representative of the 
input phase and do(z). the output phase. 
Specifically, the transfer function iH(z) is represented by: 



55 
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10 



B(Z) m 6(S)/(1 ^ 6(S}) 

- - «"^)) 

+ (1/M))/(1 • x"^)^) 

+ (1/H)(1 - ♦ 1/M). (23) 

K the sample period T is sufficiently short or the sample frequency fo is sufficiently high as compared 
with a time constant of the illustrated phase-lodced circuit, the term of (1 - 2"^) may be rewritten like a 
continuous type of a fthase-lodced circuit Into: 

IS 1 -z-i = 1 -e»T-sT. (24) 

where T is the sample period and s. a differential operator. 

Thus, when a quas^continuous assumption is used as mentioned above in connection with Equation 
(23), the transfer funcQon H(2) is rewritten into: 

20 

1 1 

2s H(b) = (25) 

2 ^ 1 
NT MT^ 

30 Equation (25) Is further rewritten in a standard form Into: 

H(s) - -3 7 , (26) 

where «„ is a natural angular frequency and f is a damping factor and where in turn 0n and f are 
represented by: 



40 



50 



1 

lo (27) 



1 ifM 

S • — (28) 

2 N 



As regards Equation (26), It is to be noted that Equation (26) specifias a pull-in condition of the phase- 
lociced circuit as known in 9ie art and always hokls in the phase-locked circuit illustrated in Fig. 5 even 
whan a frequency difference takes place between the input and the output signals of the phase-k>cked 
circuit This means that the phase-k)cked circuit has a very wkte puNn range and enables quick 
5s establishment of phase synchronizatton even when the firequency difference between the input and the 
output signals is initially very large. Thus, the phase-tocked circuit iluslrated in Fig. 5 is realized by digital 
elements without an analog element 
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Therdfore. the illustrated phase-loCkBd circuit is suitable for a satellite communication system wttld) is 
operated under an extremely low carrier to noise (C/N) ratio. 

Refemng to Fig. 9, description will be made about a coherent detector which comprises the phase- 
locked circuit which is illustrated in Fig. 5 and which is depicted at 50. The illustrated coherent detector is 
5 operable In response to a detector input signal to produce a detector output signal which may be a 
demodulated signal. Herein, it is assumed that the detector input signal includes a canier and a sequence 
of sample signals which Is subjected to phase shift keying (PSK) of m-phases and which appears at every 
sample period. 

In Fig. 9, the detector input signal is supplied to first and second mixers 51 and 52 which are ^n a 

to local oscillation signal of a local osdllatton frequency from a local oscillator 53 directly and through a phase 
shifter 54 of ir/2, respectively. Inasmuch as the local oscillation frequency is nearly equal to a carrier 
frequency of the carrier, the first and the second mixers 51 and 52 produce first and second demodulated 
analog signdls, respectively, which are sent to an A/D converter 56. The illustrated A/0 converter 55 is 
operat^e in response to a sample timing signal which is given from a sample timing generator 61 at the 

15 sample period. As a result, first and second cfigltal signals are delivered to a delay circuit 56 on one hand 
and to an m multiplication circuit 57 on the other hand. The m multiplication circuit 57 calculates an m-th 
power of each of the first and the second digital signals to supply the phase-locked circuit 50 with first and 
second m*th power signals. The phase-kx^ked circuit 50 is operated in the manner mentioned in conjunction 
with Fig. 5 to produce first and second phase-atQusted signals each of whteh has a phase equal to m-limes 

20 the phase of the first and the second digital signals. The first and the second phase-adjusted signals are 
sent to an m-th root calculation circuit 58 to calculato an m-th root of each of the first and the second 
phase-adjusted signals to produce first and second m-th root signals. Each of the first and the second m-th 
root signals has a phase equal to each of the first and the second digital signals and represents a conjugate 
complex numt)er of a complex number specified by the first and the second digital signals. 

2S An output complex multiplier 59 is supplied with first and second delayed digital signals and the first 
and the second m-th root signals and multiplies the former tyy the latter. Consequentiy. the output complex 
multiplier 59 produces the detector output signal. 

While this invention has thus far been described in oon|unction with a tow embodiments thereof, it wiU 
readily be possibto for those skilled in the art to put this inventton into practice in various other manners. 

90 

Claims 

1. A phase-k)cked circuit for use in responding to a sequence of Input complex sample signals to produce 
a sequence of output complex sample signals phase-kicked with said input complex sample signals, 
35 each of said input and sakl output complex sample signal sequences being produced at every sample 
period and being carried by a complex canrier wave divisible into a real component and an imaginary 
component orthogonal to sakl real component, said phase-kx^ked circuit comprising: 

a first complex muHipncatton circuit which has a pair of first input terminals, a pair of second input 
terminals, and a pair of output terminals and whteh are supplied with said input complex sample signals 
40 and a sequence of tocal complex sample signals tiirough said first and sakl second input terminal pairs, 
respectively, for carry^g out a first complex multiplication between sakl input and said local complex 
sample signals to produce, tiirough said output tenminal pair, first complex muttlplicatfon result signals 
representative of results of said first complex multiplication; 

extracting means supplied witti said first complex multiplteation result signals for extracting phase 
45 differences between said Input and sakl focal complex sampfo signals from said first comptox 
multiplication result signals to produce complex difference signals representative of complex phase 
difforences between said input and said iocai complex sample signals; 

a delay circuit supplied with said local complex sample signals for delaying said output complex 
sample signals by a singfo sample period to produce delayed complex sample signals; 
50 a second complex multiplication circuit supplied with sakl complex difference signals and said 

delayed compfox sampfo signals for carrying out a second complex multiplication between sakl 
complex difference signals and sakl delayed complex sample signals to produce second comptox 
multiplication result signals representative of results of sakl second complex multiplication; 

an output Imiter supplied with sakt second complex multiplication result signals for limiting 
65 amplitudes of sakl second complex multiplication result signals to produce amplitude limited signals 
each of which has an invariabfo amplitude; 

means for producing said amplitude limited signals as sakl output complex sampfo signals; and 
means for supplying sakl output complex sample signals to said defoy circuit and said first 
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complex multipfication circuit as said local complex sample signals. 

A phase-locked circuit as claimed in Claim 1, wherein said extraction circuit comprises: 

a filter supplied with said first complex multiplication result signals for filtering said first complex 
multiplication result signals into said complex difference signals. 

A phase-locked circuit as claimed in Claim 1 or 2, wtierein sakt drcult comprises: 

a first phase divider supplied with said first complex multiplteation result signals for carrying out 
phase division by the use of a division factor of N to produce first ptiase-divided signals each of which 
has a phase equal to one N-th of each phase of the first complex muitiplk»tlon result signals where N 
is a natural number, 

numertoally controlled means which Is supplied with said first complex multipBcation result signals 
and which has a predetenmined transfer functton, lor generating a numerically controlled signal defined 
by said transfer functton; 

a second phase dlvkler supplied with said numerically controlled signal for carrying out phase 
division by the use of a division factor of M to produce second phase-divided signals each of whtoh has 
a phase equal to one M-th of each phase of the numerically controlled signals where M is a natural 
number; and 

local complex multiplication means supplied ¥irlth said first phase-<fivkJed signals and said second 
divMed signals for carrying out complex nujltiplicatkm between sakj first phase-divided signals and said 
second phase-divkled signals to produce saM complex difference signals. 
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